Abstract. A simple expression is proposed to estimate the fundamental period of vibration for concrete Shear Wall (SW) buildings. Most seismic codes specify empirical period formulas for seismic design. In this study, fundamental period data for concrete SW buildings recorded during California earthquakes between 1971 and 1994 were compared with the current US code formulas. It is shown that these formulas are inadequate for estimation of the fundamental period of concrete SW buildings. A closed-form period solution based on Rayleigh's method using SW displacement as a parameter is proposed to estimate the fundamental period of concrete SW buildings in low, moderate, and high seismicity regions. The accuracy of the closed-form solution is veri ed using recorded periods, and it con rms that the proposed expression provides reasonable estimates of the lower bound of a period. The results show that the fundamental period of concrete SW buildings depends signi cantly on the displacement and mechanical properties of the SW.
Introduction
An empirical formula is proposed to estimate seismic base shear and lateral seismic loads for building codes. Typically, seismic design loads vary with the fundamental period of a structure; a simple empirical expression dependent on building geometry is presented to calculate this period. The formula is useful for the design of structures because the fundamental period is not known before the rst trial design. A seismic load usually decreases as the period increases; formulas provide a lower estimation of a period so that the seismic load is not underestimated.
There are limited data on the response of concrete Shear Wall (SW) buildings and steel-braced frames during earthquakes. These systems came into common use after the Northridge and Kobe earthquakes, and the empirical period formulas were developed with similar data, but without extensive validation [1] . For instance, in ATC3-06 [2] and earlier US building codes, the following equation was proposed for the design period of concrete SW buildings: 
where h n and D s (m) are, respectively, building height and the SW dimension in the direction parallel to the seismic forces. Eq. (1) is presented in the National Building Code of Canada (NBCC) [3] for the design period of steel-braced frames in which D s is the width of the braced frame. Similarly, in ASCE SEI/7-10 [4] , the design period of structures is given by: T a;ASCE = C T h x n ; (2) where h n (m), C T = 0:0488, and x = 0:75 are applied to concrete SW buildings and concentrically steelbraced frames. In this expression, the fundamental period of the building varies only with the building height. Where the SW width varies in building height, or where there are several bays in a SW, the use of D s creates design problems. Housner and Brady [5] stated that Eq. (1) poorly ts measured periods and that the use of D s in period formulas is less accurate than the simple expression where T varies linearly with building height. Methods, such as those by Cole et al. [6] and Li and Mau [7] , have demonstrated that code period formulas are inadequate for concrete SW buildings.
Goel and Chopra [8] proved that Eq. (1) correlates poorly with the measured periods for concrete SW buildings from the California earthquakes. They also showed that the use of Eq. (2) for the fundamental period of a building underestimates seismic forces. They developed a re ned expression with additional geometric parameters, such as depth and wall area.
Lee et al. [9] concluded that the period formulas in building codes such as NBCC [3] and UBC [10] are not su cient to estimate the fundamental period of apartment buildings with shear wall dominant systems. They proposed an improved formula by regression analysis based on the measured period data.
Ghirb and Mamedov [11] investigated the e ect of base exibility on SW building periods, and also found that the code period formulas were inadequate. Kown and Kim [12] compared the code formulas and records of periods for several buildings during earthquake events, and found that the period formulas for seismic design codes for concrete SW buildings were relatively high. They stated that the formula for buildings with shear walls considerably overestimated the periods at all building heights.
Barghi and Azadbakht [13] showed that the inll e ects on fundamental periods of steel momentresisting frames are highly considerable and proposed a new formula by nite element analysis. Ku sylmaz and Topkaya [14] also used Rayleigh's method as a basis and roof drift ratio under seismic forces as a parameter to estimate the fundamental period of vibration of building structures in general and steel Eccentrically Braced Frames (EBFs) in particular. They revealed that the building displacement in period formula o ers closer estimates.
Although the value of C T correlates poorly with recorded periods for concrete SW buildings [1] , Eq. (2) is still recommended in the current US building codes such as NEHRP [15] , UBC [10] , and IBC [16] . Eq. (2) is also used in Euro Code 8 [17] for up to 40 m in height for analysis of equivalent lateral force. In ASCE SEI/7-10 [4], C T = 0:0724 and x = 0:8 are recommended for steel moment-resisting frames, C T = 0:0466 and x = 0:9 for concrete moment-resisting frames, and C T = 0:0488 and x = 0:75 for all other structural systems, including concrete SW and steel-braced frames.
In this study, a database is presented for measured fundamental periods for concrete SW buildings (denoted as \measured periods") from 9 California earthquakes between 1971 and 1994. The measured periods are compared with code period formulas for concrete SW buildings. The results show that the geometric and mechanical properties of SWs are very e ective for periods, and that code formulas using only the height of the building do not show good validation for period estimation. A simple expression based on Rayleigh's method using SW height as a parameter is proposed for period estimation. Comparing the measured periods and the re ned expression con rms that the proposed simple expression provides a reasonable lower bound for a period for concrete SW buildings in low, moderate, and high seismicity regions. [6, [18] [19] [20] [21] [22] [23] [24] [25] . Table 1 shows a subset of this database containing 16 concrete SW buildings (27 records) [8] . (1) and (2) for concrete SW buildings with typical values for h n and D s . For the whole range of values, T a;ASCE is shorter than T a;ATC and this di erence increases as building height increases. In ASCE SEI/7-10 [4], the periods obtained from methods, such as Rayleigh's method and eigenvalue analysis, can be used, provided that they are not larger than C u T a . C u varies from 1.4 in high seismicity regions to 1.7 in low seismicity regions. The values for C u greater than 1.4 can be justi ed by eigenvalue analysis. In the use of this approach where T a is multiplied by C u , the value for T a;ASCE is closer to that for T a;ATC . Figure 2 compares the measured periods and those from Eqs. (1) and (2) versus h n for buildings listed in Table 1 . For a majority of buildings, these code formulas provide periods that are longer than the measured periods, which lead to smaller values for the seismic design coe cients. If the code period is larger than the measured period and falls outside the at portion of the design response spectrum, the seismic design forces will be underestimated. In this case, the values for 1.4 T a and 1.7 T a in the code buildings may be inappropriate. Figure 3 shows the design spectral response acceleration from T a;ASCE and measured periods against h n for buildings listed in Table 1 (Site Class D). As shown in the gure, the spectral response acceleration from measured periods for some buildings is larger than the spectral response acceleration from T a;ASCE . This indicates that considering solely building height in the period of a concrete SW building may provide inaccurate estimations, because the measured periods of some buildings with similar heights can be totally di erent. In Table 1 , buildings 4 and 12 have heights of 15.2 m and 15.3 m and longitudinal periods of 0.15 sec and 0.5 sec, respectively. Although these two buildings are equal in height, the period of building 12 is three times larger than that of building 4. In addition, the measured longitudinal periods of buildings 2 and 10 are both 0.26 sec, but their respective heights are 26.8 m and 49.2 m. Figure 2(a) shows that using D s alone is no more advantageous than using h n alone in a period formula. A more re ned expression is required that considers SW height and geometry to estimate the fundamental period of concrete SW buildings. 
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Closed-form solution for period estimation
A continuous cantilevered shear-beam model with distributed mass is considered as the structural system for a concrete SW building. The period of this model using Rayleigh's method is:
where m(x) is the mass, u(x) is the lateral deformation, f(x) is the lateral force, h n is the building height, and x is the vertical coordinate from the base. For simplicity, the mass of the model is considered to be uniform as in the following:
where W is the e ective seismic weight and g is the ground acceleration. The lateral force is assumed to increase linearly over the building height:
where V is the seismic base shear. For simplicity, the concentrated load at the top of the building (F t ) is ignored. ASCE SEI/7-10 [4] considers the seismic base shear to be: V = C s :W; (6) where C s is the seismic response coe cient, and W is the e ective seismic weight. C s is:
in which S a is the design spectral response acceleration, R is the response modi cation coe cient, and I e is the importance factor of the structure. As shown in Figure 4 , to estimate the lateral deformation, u(x) is considered as:
where (x) is a shape function, and coe cient u is the maximum deformation of the wall. For a SW such as a cantilevered beam, a shape function can be considered as:
For coe cient u , the design displacement of the wall is considered as developed by Wallace [26] : ; (11) where " cu denotes the ultimate concrete compressive strain of 0.003, " sy is the tensile reinforcement yield strain, and t w , l w , and h w are the thickness, length, and height of the wall, respectively. Parameter is obtained from l p = l w , where l p is the plastic hinge length, and c is the neutral axis depth for the nominal moment strength and the ultimate axial load of the wall (M n ; P u;max ). ACI 318-11 [27] de nes the limit state of c as:
Substituting the previous equations into Eq. 
where:
x:u(x)dx = 0:227h n 0:905h n 0:637
Parameter Z denotes the top deformation of the wall based on geometric and mechanical parameters (elastic or plastic model) which can be obtained analytically for a SW. The ratios of h w =l w = 3:0, l w =t w = 13:3, and h w =t w = 40:0 are fairly typical for US construction [26] . According to ACI 318-11 [27] , = 0:5 (l p = 0:5l w ) and the neutral axis depth are considered to be 0.6 (c = 0:6l w ). Since " sy = 0:002 for the minimum wall reinforcement yield strain in ASTM A 615 [28] , Z = 0:0041. The fundamental period for buildings in Table 1 can be easily calculated from Eq. (13) using the design response spectrum in ASCE SEI/7-10 [4] to calculate S a , where R = 5:5 for reinforced concrete SWs, I e = 1, and g = 9:81 m/s 2 . Figure 5 compares the fundamental period of the buildings listed in Table 1 from T c and T a;ASCE with measured periods. This gure shows that the periods of concrete SW buildings are strongly related to SW height and mechanical properties. The power expression of the closed-form equation is T a = 0:028h 0:66 n which adequately ts the lower bound of the measured period. Therefore, using factors 1.4 and 1.7 is more valid for the fundamental period. Figure 6 compares T c with typical values of Z and measured periods for concrete SW buildings. As seen, increasing Z increases the period. Using the maximum value of 0.01 for wall deformation (Z = 0:01) (ACI 318-11 [27] ), let T c estimate the fundamental period of the concrete SW building in regions with a di erent seismicity. For di erent values of S a , factors 1.4 and 1.7 can be used according to the seismicity of a region for the valid lower bound of period estimations.
Summary and conclusion
The present study investigated the period formulas for concrete SW buildings in the current US codes. These formulas were compared with measured periods recorded from the responses of concrete SW buildings in earthquakes from the 1971 San Fernando earthquake to the 1994 Northridge earthquake for 16 buildings (27 records). The majority of measured periods were shorter than the periods obtained using the code formulas, which underestimated the seismic design loads in several cases. The results show that wall geometry and mechanical properties greatly a ect the fundamental period of concrete SW buildings, where many measured periods for buildings of the same height were totally di erent. This indicates that using building height alone may not provide a valid period for these buildings.
Di erent periods were recorded during California earthquakes for several concrete SW buildings with similar geometry. If building height and SW width are only used, a comparison of measured periods and code formulas may show no advantage to the use of building height alone in a period formula. The results show that the wall deformation also played an important role in concrete SW building periods; hence, the use of the expressions 1.4T a and 1.7T a speci ed in building codes for mechanical methods can result in an appropriate period estimate.
A comparison of code periods and measured periods reveals that the code formulas for empirical concrete SW building periods in California (high seismicity region) were not adequate. A simple expression using Rayleigh's method was proposed for period estimation that ts the lower bound of the measured periods. His research activities mainly deal with structural and earthquake engineering including seismic behavior of RC structures, damage detection and assessment, seismic soil-structure interaction, progressive collapse, and retro tting. He is the author or co-author of more than 10 books, technical regulations, and technical reports. He has published more than 100 papers in refereed journals and conferences.
